EPR spectroscopy was used to monitor formation of free radicals in human hair upon UV irradiation. While the EPR spectra of brown hair were dominated by melanin signal, those of white hair were keratin-derived. The decay of UV induced keratin radicals was enhanced at increased ambient humidity. We argue that at higher humidity the swollen hair provides a more liquid-like environment, and higher molecular mobility in this environment leads to faster radical reactions. This interpretation is consistent with the increased UV-triggered protein damage in hair at high humidity as demonstrated by the protein loss, MALDI-TOF and FT-IR data.
Introduction
UV damage to hair and its consequences to the structural components of hair including proteins [1] , lipids [2] and melanin [3] have been well documented in the literature. Several reports on the oxidation of tryptophan to kynurenine [4] are found in the literature but there have been few studies that investigate specific radical pathways that lead to the measured fiber integrity changes such as tensile strength. There have been more extensive studies in wool which have identified specific oxidation products including kynurenine, hydroxyl formyl kynurenine, hydroxyl kynurenine and N-formyl kynurenine [5] . Here, we use electron paramagnetic resonance (EPR) to detect and quantify radicals formed in hair on exposure to UV as a function of relative humidity. EPR studies into paramagnetic species present in hair fibers have been carried out previously, with most published research focused on either the strong intrinsic melanin signal [6] or paramagnetic metal centers such as copper which are present in the fibers [7] . EPR studies have shown that manipulating humidity can have a significant impact upon melanin comproportionation equilibria: increased humidity leads to more semiquinone radical species, and can affect molecular assembly and radical lifetimes [8] . Keratin-derived free radicals have also been observed in white hair by EPR [9] . However, the effect of ambient humidity on hair protein chemistry has been largely overlooked. Hair has a reasonably high moisture content of around 14% by weight at 20°C and 65% relative humidity [10] . The moisture content can vary significantly with changing relative humidity, as hair is quite hygroscopic [11] . This leads to changes in tensile strength and stretching ability, a property exploited by hair hygrometers. We reasoned that on molecular level, humidity should affect local viscosity and molecular dynamics, and hence the chemistry of reactive intermediates. Existing studies into the effects of sunlight upon hair proteins at different humidity have relied on indirect analysis of properties such as tensile strength and fiber swelling. The cleavage of polypeptides and disulfides within the keratin decreases the rigidity of the fiber. Results in literature are contradictory, with swelling measurements indicating highest damage at intermediate humidity [12] and tensile strength measurements showing higher degradation at high humidity [13] . This investigation aims to build upon and clarify existing literature studies and to correlate changes in radical formation and decay with direct measurements of protein degradation using protein loss, protein biomarker and cysteic acid measurement. 
Methods

Hair source
Electron paramagnetic resonance measurements
Samples of natural white hair were cut into 4 cm lengths, and placed into a Suprasil® quartz EPR tube with an outer diameter of 5 mm. The mass of hair sample loaded was measured, and was 130 ± 3 mg for each sample. The hair samples were then loaded into JEOL JES RE-1 × EPR spectrometer (Peabody, MA, USA) and EPR spectra were recorded. Sequential scans were run on hair samples at an interval of 48 s upon exposure to a 100 W Hg lamp. The lamp shutter was opened after the first scan. 150 scans were carried out over a 2-h period. EPR parameters (150 sequential scans, room temperature): Power = 10 mW; Scan Time = 30 s; Sweep Width = ± 100 G; Modulation Width = 1 G, Time Constant = 0.03 s. Following this prolonged exposure period, the lamp was shut off, and subsequent EPR spectra were recorded every 30 min over a 24-h period. These scans used a slower scan time, improving signal/noise ratio. EPR parameters (48 sequential scans (one every 30 min), room temperature): Power = 10 mW; Scan Time = 300 s; Sweep Width = ± 100 G; Modulation Width = 1 G, Time Constant = 0.3 s.
Humidity environments in the 50-70% RH range were achieved via daily variation; outside this range values created by using a polyethylene glove bag (Aldrich AtmosBag). Hair samples were placed in an open EPR tube in the bag, and equilibrated to a controlled humidity level. This was achieved by using a combination of dry compressed air blown into the bag, warm water reservoirs placed within the bag, and bubbling inlet gas through a solution of saturated salt solutions. 25% RH was achieved with a saturated CH 3 COOK bubbler, 80% RH with a saturated (NH 4 ) 2 SO 4 bubbler and 100% RH with hot water. Dry air samples were prepared by blowing dry air directly into the bag from the lab compressed air supply. Hair samples were equilibrated for 2 h at all humidity levels (monitored with humidity meter placed in the glove bag), before sealing into the EPR tube within the glove bag. Samples in an inert atmosphere were prepared by placing them in the bag, alternately evacuating the bag under vacuum and refilling with N 2 gas 3 times before sealing the sample.
Protein loss measurements
0.2-0.3 g hair samples (2 in. length) were collected from each hair tress and were added to glass scintillation vials. Distilled water was added at a ratio of 10:1 (ml water to g hair). Samples were shaken for 1 h at 2500 rpm on a DVX-2500 Multi-tube Vortexer platform (VWR International, Radnor, PA, USA). Following direct measurement of total protein, samples were subjected to centrifugation at 16,100 g to separate into soluble/insoluble fractions. Pelleted material (insoluble) was solubilized in 3 M urea, 1 M NaOH, 0.06% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]− 1-propanesulfonate) followed by sonication for 30 min in a Branson B300 sonicating water bath (34 kHz). Protein concentration was determined using the Modified Lowry assay against a porcine gelatin standard (Modified Lowry Protein Assay kit supplied by Pierce, Rockford, IL, http://www.piercenet.com) 2.4. MALDI-TOF mass spectrometric analyses of hair exposed to UV at low and high humidity Matrix-Assisted Laser Desorption Ionization Time-Of-Flight (MALDI-TOF) Mass Spectrometry was used for fast detection of protein damage marker ions specific to hair exposed to UV at 25% and 85% relative humidity. Briefly, 5 μl of each water extract from virgin and LLS hair was mixed with 5 μl of MALDI matrix α-cyano-4-hydroxycinnamic acid (CHCA at 10 mg/ml in 80% acetonitrile/water/0.1% trifluroacetic acid). 0.7 μl of this mixture was spotted on a target plate and allowed to air dry at room temperature before MALDI analysis. A MALDI TOF/TOF 4800 Plus Mass Analyzer (AB-Sciex, Framingham, MA, USA) was used in the positive ion reflection mode. The mass spectrometer uses a 200 Hz frequency Nd:YAG laser, operating at a wavelength of 355 nm. Ions generated by the MALDI ionization process were accelerated at 20 kV. MALDI-TOF mass spectra were typically generated in the mass range 800-4000 Da. Data were collected in an automated fashion using random sampling over the sample spot with 50 shots per sub-spectrum and a total of 1000 shots per spectrum. The intensity of peptide marker peaks for each extract was measured.
FT-IR measurements
A Perkin Elmer Spectrum® 1 Fourier Transform Infrared (FTIR) system equipped with a diamond Attenuated Total Internal Reflection (ATR) cell was used to measure the surface cysteic acid concentration in human hair. The swatches were braided (~1 plait per cm) to minimize variations in surface area of contact between readings and four readings per tress were taken. The second derivative of the absorbance at 1040 cm −1 was taken as the relative concentration of cysteic acid after normalization of the spectra to the 1450 cm −1 protein CH 2 stretch peak.
Exposure to artificial radiation
Sun exposure was simulated by irradiation with an Atlas Ci3000 + weather-o-meter (Atlas, Chicago, Illinois, US). An internal and outer quartz filter was used to simulate broad-spectrum, outdoor daylight with a specific irradiance of 1.48 W/m 2 at 420 nm. During the irradiation process, temperature and relative humidity (RH) were kept constant at 35°C and 80% RH, respectively.
Results and discussion
Melanin and keratin radical contributions to the hair EPR signal
Initial studies investigated the intrinsic EPR signals from brown and white hair and their change on irradiation with UV. Brown hair has a strong intrinsic EPR signal that increases as a function of melanin concentration, shown in Fig. 2 . The radical centers are likely to arise from the redox equilibrium between hydroquinone/quinone and semiquinone radical forms of the main melanin polymer repeat unit as shown in Fig. 1 [14] . White hair, which contains very little or no melanin, has a very weak intrinsic EPR signal (Fig. 2 ) similar to that of milled keratin, suggesting intrinsic protein-centered radicals [15] . These are likely sunlight induced phenoxyl or indole radicals formed on Fig. 1 . Redox equilibrium between hydroquinone/quinone and semiquinone radical forms within melanin.
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Free Radical Biology and Medicine 121 (2018) [20] [21] [22] [23] [24] [25] tyrosine or tryptophan side chains respectively, which are trapped within the protein matrix and are slow to decay. Similar studies with wool show keratin radicals with half lives of up to 4600 h. [16] As the intrinsic signals observed for brown and white hair arise from different species, they are likely to respond differently to UV. Brown hair, with high melanin content, would be expected to reflect the photochemical response of melanin, whereas white hair would show the response of protein based radical species. Upon exposure to the full spectrum of a 100 W Hg lamp coupled to an X-band EPR cavity, the intensity of the radical signal from both natural white and mid-brown hair samples increased significantly over time. The intensity of the EPR signal (measured by 2nd integral intensity of the spectrum) was monitored by recording a spectrum every 0.8 min over a 2-h exposure period. Fig. 2 shows the change in peak area relative to the initial measurement. The datasets have been normalized to an initial signal intensity of 1 (the initial EPR signal area for the brown hair is 2.82 times greater than white hair).
Notably, the rate of increase in radical signal is different for white and brown hair. This different response to UV highlights the different identities and chemical environments of the radical species in the two hair samples. For white hair, the change appears to be a gradual increase over time (4.5 times the initial intensity over 2 h) and it is proposed this is due to formation of tyrosyl and tryptophan radicals that are in a restrictive environment and thus build-up over time with radical quenching, recombination or onward reactions likely to be slow. In comparison, brown hair shows a much more rapid change initially, with an increase of 73% in the first 0.8-min measurement interval, compared to only 33% for white hair. However, after this initial rapid increase, the intensity change plateaus, so that after 2 h, the intensity is only 2.9 times the initial intensity (average of the last three data points taken). The very rapid initial change is consistent with the comproportionation/disproportionation equilibrium of melanin semiquinone radicals in Fig. 1 . UV exposure provides an additional quinone/hydroquinone comproportionation route [17] and thus shifts the equilibrium to the radical form and consequently increases the observed radical signal. Over a longer irradiation time, the signal continues to increase gradually and it is likely that this slower increase corresponds to the formation of different radical species. This could be a build-up of keratin-based radicals as seen in white hair, or the formation of longerlived melanin radical species. These experiments are thus consistent with the assignment of EPR signals of brown and white hair to melanin and keratin radicals. Subsequent EPR experiments focused on white hair to study the UV impact with humidity as interest was in induced changes to the protein structure.
Identity of keratin radicals
The shape of EPR spectra reveals information about identity of primary and secondary radical species, which can be used to compare radical transfer processes. Rates of radical formation and degradation therefore reflect the overall rate of photodamage in hair proteins. These results have been correlated with fiber protein changes measurements including formation of cysteic acid via FT-IR, protein loss and formation of a protein fragment biomarker of UV damage. Fig. 3 shows EPR signals for the intrinsic signal for white hair and after UV irradiation with a Hg lamp for 2 h at 0% and 100% RH. Both have a large signal at~3360 G (g = 2.0060) which matches what would be expected for a tyrosine-based phenoxyl radical, based on gvalues and the broad symmetric line-shape [18] . Tryptophan, as a strong UV chromophore, may give rise to tryptophanyl radicals upon exposure. However, the abundance of Trp in keratin proteins is very low (< 1%) compared to tyrosine, which forms up to 20% of some keratin associated proteins. [19] The signal therefore likely corresponds to primary radicals formed directly through oxidation of photo-excited tyrosine species. After UV exposure, a shoulder appears at~3340 G (g = 2.0164) which matches the signal seen in UV irradiated cysteine in the literature [20] (confirmed in this work) and is likely a sulfur-based radical [21] . This is a secondary radical formed via radical transfer from tyrosyl species leading to disulfide cleavage as tentatively shown in Fig. 4 . It is possible that there is also some contribution from other heteroatom-centered radicals (e.g., peroxyl radicals, formed through reactive oxygen species as outlined in Fig. 8 ). Fig. 3 shows that at higher humidity, the contribution of sulfur radical shoulder peak at 3340 G is larger relative to the central peak. Sulfur radicals contribute a greater proportion of the overall radical signal at higher humidity. These are formed indirectly through electron transfer from excited Tyr/Trp, interaction with hydroxyl radicals and superoxide indicating that electron transfer processes and diffusion of reactive oxygen species are enhanced at higher humidity.
Effect of humidity on hair EPR signal
Radical reactivity was monitored by looking at formation of photochemically generated radical species under controlled humidity over 2 h exposure to a 100 W Hg lamp and then subsequent lifetime by monitoring decay over 12 h after the lamp is switched off. Fig. 5 and Fig. 6 show the formation and decay of these radical species, Fig. 2 . Comparison of EPR signal growth upon exposure of mid-brown and natural white hair samples to the full spectrum of a 100 W Hg lamp. Inset shows initial signals (before light exposure). Fig. 3 . Comparison of EPR line-shape for white hair samples initially and after 2 h UV exposure in dry air and 100% relative humidity. Signals are normalized based on the height of the central peak at 3355 G.
respectively. All samples show a significant increase in radical concentration over the exposure period, and changing humidity does influence radical growth. The extent of radical growth decreases with humidity but data analysis assuming first order kinetics showed relative humidity did not have a significant impact on rate of radical formation. However, radical species formed within hair proteins upon UV exposure at higher humidity, react faster and are consequently shorter-lived than those generated at lower humidity. This is confirmed in the decay data in Fig. 6 where increased decay is seen at higher humidity levels. Increased humidity will lead to a greater uptake of water into keratin fibers, as demonstrated by fiber swelling and tensile strength measurements [12, 13] . This increases molecular mobility of the amino acids exposed to solvent within the protein, and will increase the rate of radical recombination/termination on amino acid side chains. The solvent also provides a mechanism for the diffusion of reactive small molecules, such as reactive oxygen species (ROS).
Primary radicals are therefore able to react more readily at high humidity, limiting their build-up in hair. A more reactive system at higher humidity is likely to facilitate a range of reaction pathways, such as recombination and reaction with dissolved oxygen to form ROS (hydroxyl radicals, superoxide and singlet oxygen), as outlined in Fig. 8 . Recombination, energy transfer and the reactions of ROS all lead to radical quenching, which explains the lower radical concentration at higher humidity. However, a more mobile molecular environment will also facilitate the formation of secondary radical species, both through direct energy transfer and interaction with ROS. This is observed in Fig. 3 , which shows a higher proportion of secondary (sulfur-based) species at high humidity, despite a lower radical concentration overall.
The effect of oxygen on the keratin radical reactivity was assessed by performing the same experiments in an oxygen-free environment with the EPR tubes filled with nitrogen. Fig. 7 shows of radical formation in air vs nitrogen and clearly in the absence of oxygen the rate of radical formation is dramatically slowed. In addition, a qualitative decrease in sulfur-based radicals was observed.
There are two processes which influence the observed radical signal in these EPR studies: the rate of radical formation and the rate of further reactions leading ultimately to radical destruction. Manipulating humidity does not significantly impact the rate of radical formation, however it does change the rate of radical destruction reactions. The lower radical concentrations observed at higher humidity are due to more rapid radical decay. Conversely, excluding oxygen does have a significant effect upon the rate radical formation, as shown in Fig. 7 . Therefore, in the absence of oxygen, hair damage is significantly reduced due to the lower rate of radical formation. The absence of a characteristic sulfur component in the air-free sample spectrum after exposure indicates that oxygen also plays a crucial role in the formation of secondary radical species.
Formation of radical species on aromatic amino acid residues is facilitated through interactions between excited states and oxygen, leading to the formation of reactive oxygen species. Reactive oxygen species facilitate transfer of radical centers, resulting in increased cleavage of disulfides and polypeptide backbone [22] . For instance, energy transfer from excited state tyrosine can lead to the formation of reactive oxygen species. [23] Oxygen can also interact with radical species, leading to the formation of peroxyl radicals. These form hydroperoxides, which break up to yield alkoxyl and hydroxyl radicals.
[24] Auto-oxidation cycles lead to degradation of amino acid side chains, disulfide bonds and the polypeptide backbone. These processes are summarized in Fig. 8 .
The presence of oxygen also increases the rate of radical decay as in the absence of oxygen, radicals likely simply revert to full shell molecules through recombination or hydrogen abstraction. In the presence of oxygen, further degradation pathways are available, some of which lead to hydroperoxide formation and autoxidation [25] . These processes are likely to contribute significantly to the observed radical decay in the presence of oxygen.
Effect of humidity on UV-triggered protein degradation in hair
The EPR data have demonstrated that radical decay is enhanced at high humidity and that this involves formation of reactive oxygen species that should lead to increased protein degradation and disulfide cleavage. Experiments were performed to measure protein loss and cysteic acid formation as hair is exposed to UV to confirm the link between radical decay and protein changes. An Atlas Weatherometer was used to irradiate either light brown or white hair with light that simulates broad-spectrum, outdoor daylight with a specific irradiance of 1.48 W/m 2 at 420 nm. During irradiation temperature was kept at a constant 35°C and relative humidity was set at either 25% or 85% RH. After irradiation, hair was sonicated for 1 h in distilled water to elute any protein fragments formed during UV exposure and the level of protein measured via a modified Lowry Assay for total protein. In addition, the eluted protein was used for MALDI-TOF to investigate the specific fragments formed. Fig. 9 shows the protein loss data for light brown hair; similar data was generated for white hair. The data shows increased protein loss at 40 vs 20 h as expected. In comparing protein loss at 85% RH vs 25% RH the protein loss is significantly higher (99% confidence limits) at 85% RH when the data at both 20 h and 40 h is compared. The MALDI-TOF data showed a prominent peak at m/z = 1278 that was only present at low levels in the control hair (Fig. S1) . Previous work has shown this peak is due to a fragment of the S100A3 protein and that its intensity increases as a function of UV exposure [26] . The S100A3 protein is a calcium binding protein found in the cuticle and is thought to play a role in cuticle adhesion [27] . A radical pathway has been proposed for its breakdown via formation of ROS generated via UV absorption by the hair proteins, predominantly tryptophan and tyrosine. Fig. 10 shows this m/z = 1278 biomarker concentration as a function of UV exposure and relative humidity for brown hair. As for protein loss, the same result was found for white hair. The biomarker concentration increases with both UV exposure and relative humidity, again indicating that the greater radical mobility measured via EPR correlates with increased protein degradation. The EPR data indicated higher formation of sulfur-based radicals at higher humidity and it is anticipated that this will lead to increased disulfide bond cleavage. This was measured for both white and light brown hair (Table 1) using FT-IR to measure the cysteic acid S˭O stretch at 1040 cm −1 normalized to the protein CH 2 stretch (1450 cm −1 ) [28] ( Fig. S2) . In both hair types a significant increase in cysteic acid formation is observed after 40 h UV exposure for 85% RH vs 25% RH and for brown hair this is also significant at 20 h UV exposure.
Conclusion
There are a variety of different components within hair fibers which respond to light. Melanin, present in brown hair samples, exhibits a rapid EPR response to irradiation as light influences the equilibrium between non-radical quinone/hydroquinone and semiquinone radicals. White hair samples (with little or no melanin pigment) also show an intrinsic radical EPR signal which increases upon irradiation and is relatively stable following exposure. The signal is consistent with tyrosine based radicals on keratin proteins, based on spectral line-shape and g-values. The response (signal growth and decay) of protein based radicals in white hair is significantly different from melanin in brown hair.
Following exposure of white hair, the features of the EPR signal matched those of phenoxyl radicals (from tyrosine) and sulfur centered radicals formed by disulfide cleavage. This suggests the formation of ROS such as singlet oxygen and hydroxyl radicals by photoexcited tyrosine, which diffuse and interact with disulfides, leading to protein damage. This process was accelerated at higher humidity.
Radical lifetimes in hair samples decrease with increasing humidity, Fig. 8 . Summary of light-induced autoxidation processes leading to polypeptide cleavage, disulfide cleavage and side chain degradation in proteins. R = amino acid side chain or α-carbon of amino acid in polypeptide. Fig. 9 . Protein loss for light brown hair exposed to UV at 25% and 85% RH.
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suggesting a more labile and reactive system when more water is present in hair. The movement of reactive oxygen species and electrons between different parts of the protein is facilitated by water layers present at higher humidity between protein fibers. This accelerates radical transfer and degradation reactions, resulting in increased protein degradation and disulfide cleavage at higher humidity. These findings agree with literature tensile strength measurements. Fig. 10 . m/z = 1278 protein fragment concentration for light brown hair exposed to UV at 25% and 85% RH. 
